Abstract-Neuromuscular electrical stimulation (NMES) to extend as well as flex a limb joint requires stimulation of an antagonistic muscle pair. This is due to the fact that muscles are unidirectional actuators. The control challenge is to allocate control inputs to antagonist muscles based on the system output, usually a limb angle error. Further, NMES input to each muscle is delayed by an electromechanical delay (EMD), which arises due to the time lag between the electrical excitation and the force development in a muscle. EMD is known to cause instability or performance loss during closed-loop control of NMES. In this paper, a robust delay compensation controller for EMDs in antagonistic muscles is presented. A Lyapunov stability analysis yields uniformly ultimately bounded tracking for a human limb joint actuated by antagonistic muscles. The simulation results indicate that the controller is robust and effective in switching between antagonistic muscles and compensating EMDs during a simulated NMES task. 
I. Introduction
Neuromuscular electrical stimulation (NMES) is commonly prescribed to recover lost muscle function and/or strength in individuals who have upper motor neuron disorders from spinal cord injury (SCI), traumatic brain injury, multiple sclerosis, stroke, etc [1] . NMES artificially contracts muscle groups by applying an external stimulation current. Closed-loop control of NMES can be used to generate advanced functional tasks (in this case NMES is also called functional electrical stimulation (FES)) such as walking [2] , [3] , single leg extension [4] - [9] , and upper extremity grasping and reaching [10] - [12] .
Different closed-loop control methods ranging from linear control methods (e.g., proportional integral derivative (PD/PID), linear quadratic gaussian control, pole placement method, gain scheduling control [13] - [15] ) to recent nonlinear control methods [4] - [9] , [16] - [18] have been developed for NMES. Robust nonlinear control of NMES is especially more relevant given the nonlinear and uncertain muscles dynamics [5] , [7] , time-varying phenomena such as muscle fatigue [8] , and electromechanical delay [18] , [19] .
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Electromechanical delay (EMD) is the time lag between the electrical excitation and the force development in a muscle. In results such as [4] , [6] , [19] , the EMD is modeled as an input delay in the musculoskeletal dynamics and it can cause performance degradation and system instability. Recently, a robust compensation control method was developed for an uncertain input delayed system with additive disturbances [20] and it suggests that a PD/PID controller can be augmented with a delay compensator that contains a finite integral of past control values to transform the delayed system into a delayfree system. Modified PD/PID controllers have been extended to compensate for EMD during NMES [18] , [19] . Other works such as [21] - [23] that use predictor feedback for time-delay systems can compensate for unknown varying EMD compare to previous researches. However, these controllers are designed for unidirectional limb movements. Upper-limb movements such elbow or wrist flexion and extension would require FES of antagonistic pairs (e.g., biceps and triceps muscles). Iterative learning control (ILC) was used for upper limbs FES applications [24] - [26] . In which the stimulation was applied to triceps and anterior-deltoids muscles. However, it only allowed unidirectional joint movement. This implies the controller may not be capable of controlling antagonistic muscles.
The field of multi-channel FES control is relatively new. In Downey et al. [9] , asynchronous NMES control of the multiple muscles in the quadriceps muscle group was proposed through four-channels. The switching between the channels is based on a fixed time periodic signal in order to reduce the onset of muscle fatigue. Again, this switching scheme was only proposed for agonist muscles. In order to design a controller for multi-channel control of antagonist muscle pairs the switching signal would have to be based on the performance of the controller (i.e., the tracking error).
The key contribution of this paper is the development of a closed-loop tracking controller for dual control of NMES task such as limb extension and flexion. A proportional derivative (PD)-type closed-loop controller with delay compensation (DC) to deal with the EMD was designed for stimulating antagonistic muscle pairs in a musculoskeletal system. Unlike previous controllers that produce joint flexion with the help of gravity [9] , [18] , [19] or controlled by correctional forces such as robot arms [24] , [26] , the developed controller will flex and extend a limb joint by stimulating agonist and antagonist muscles. The controller is designed to smoothly transition between the stimulation of the antagonist muscles. The switching signal is based on the position tracking error and can be made arbitrarily fast or slow by adjusting the control gains. Parametric uncertainty and additive bounded disturbance were included in the dynamics for the control development and subsequent stability analysis. Lyapunov Krasovskii (LK) functionals were constructed to cancel the delay terms. The associated Lyapunov-based stability analysis proved semi-global uniformly ultimately bounded tracking.
II. Musculoskeletal System
The uncertain nonlinear musculoskeletal dynamics are modeled similar to [7] , and are defined as
where M I ∈ R denotes the inertial force about the joint, M e ∈ R denotes the elastic effects due to joint stiffness, M g ∈ R denotes the gravitational forces and M v ∈ R denotes the viscous effects from damping in the musculoskeletal system. In (1), d ∈ R represents any bounded unknown disturbance and/or unmodeled dynamics, and T 1 ∈ R denotes torque produced for extension while T 2 ∈ R denotes torque produced for flexion.
The inertial effects in (1) are modeled as
where J ∈ R + is the moment of inertia of the limb. The elastic effects due to joint stiffness are modeled as
+ are unknown parameters. The gravitational and viscous effects are modeled as [6] 
where m ∈ R + is the unknown mass of the limb, l ∈ R + denotes the unknown distance from the joint to the lumped center of mass of the limb, and q,q,q ∈ R are the angular position, velocity, and acceleration of the limb, respectively.
The torque produced for extension/flexion is related to musculotendon force that is generated by NMES and is defined as
where ς i ∈ R is the positive moment arm for the corresponding muscle of the limb and F T,i ∈ R is the musculotendon force generated by the stimulated muscle. The musculotendon force F T,i ∈ R in (3) is defined as
where η i ∈ R + , i = 1, 2 denotes an unknown nonlinear function of the force-length/force-velocity relationship, and u i ∈ R is the normalized applied voltage potential across the muscles. The unknown functions in the active dynamics of the muscles are grouped in Ω i ∈ R as
and can be bounded as
where ζ Ωi ∈ R + is a constant. Remark: In order to simplify the control design process, the muscle activation dynamics were not taken into account.
The following assumptions were made for the control development and stability analysis:
Assumption 1: Signals q,q which denote the generalized position and velocity are measurable.
Assumption 2: The nonlinear functions η i (q,q) and moment arm ς i (q) are non-zero, positive, bounded functions, and their first time derivatives exist and are continuous and bounded based on the data. Thus Ω i is also non-zero, positive bounded and its first time derivative exists, is bounded and continuous.
Assumption 3: The EMD, denoted by τ , is assumed to be a known constant. Factors that may cause it to be a time-varying phenomenon such as fatigue are ignored. In addition, the EMDs in the opposing muscles are assumed to be equal.
Assumption 4: The desired trajectory and its time derivatives q d ,q d ,q d ∈ R are bounded and continuous.
Notation: A delayed state in the subsequent control development and analysis is denoted as x (t − τ ) or as x τ while a non-delayed state is denoted as x(t) or as x. Any term, X, multiplied by the inverse of another term, B, is denoted as a subscript (i.e., X B ).
III. Control Development
The control objective is to develop a tracking controller that could make the limb joint angle of the musculoskeletal dynamics in (1) track a desired trajectory, q d ∈ R. The position tracking error, e 1 ∈ R, and auxiliary tracking error, e 2 ∈ R, are defined as
where α, β ∈ R + are control gains and the auxiliary signal, e z ∈ R, is defined as
the control input is denoted by v and will be subsequently defined.
After taking the time derivative of (6), then multiplying by the moment of inertia of a limb J, and utilizing (1), (2) , and (3), the open loop error dynamics is expressed as
To smoothly transition between stimulation of the flexor and extensor muscles, two switching signals, S 1 , S 2 ∈ R + , are defined as
κ ∈ R + is a control gain that determines the transition rate, by using hyperbolic tangent function in the switching signal, signals will be ranging from 0 to 1 and are complementary. The normalized simulation, u i ∈ R + , can be expressed as
where △V i = V s,i − V t,i , i = 1, 2 and V s,i ∈ R + is the saturation voltage which results in the maximum contraction and V t,i ∈ R + is the threshold voltage which is the minimum voltage required to keep the ith muscles in tension. To facilitate the control development an auxiliary input gain function, Ω ∈ R, is defined as
To avoid a singularity when Ω = 0, a constant δ ∈ R + is added to Ω in the new auxiliary function, χ ∈ R + defined as
Assumption 5: The unknown disturbance d (t) is bounded and its first and second derivatives with respect to time exist and are bounded, and based on assumption 1 and 2 the ratio d (t) /χ (q,q), is also bounded and its first and second time derivatives exists and are bounded. Assumption 6: The ratio J/χ (q,q), denote as J χ (q,q) ∈ R + , can be upper bounded as
where J 1 , J 2 ∈ R + are known constants. To facilitate the subsequent stability analysis, the error between β and J −1 χ (q,q), is defined by
where ξ (q,q) ∈ R + satisfies the following:
andξ ∈ R + is a known constant. Using (9) and (11), and dividing the open loop error system by χ, (8) is expressed as
where
Based on the subsequent stability analysis, the control input v ∈ R is designed as
where K ∈ R + is a known control gain that can be expanded as
where K 1 , K 2 and K 3 ∈ R + are known constants. After using the control input (17), the closed loop error system can be written as
where Π =
Vt,2 △V2
) χ −1 , and is bounded asΠ
andψ (e 1 , e 2 , t, τ ),ψ (q,q,
By applying the Mean Value Theorem,ψ (e 1 , e 2 , , t, τ ) can be upper bounded by state-dependent terms as
and ρ (||z||) ∈ R is a positive, globally invertible nondecreasing function and z is defined as
The second auxiliary signal,ψ (q,q,
where ζ S ∈ R + is a constant. Based on the subsequent stability analysis, LK functionals: P (v, t, τ ) ∈ R and Q (e 2 , t, τ ) ∈ R are defined as
where ω ∈ R + is a known constant.
IV. Stability analysis

Theorem 1. The controller given in (17) ensures semiglobal uniformly ultimately bounded tracking
where ϵ 0 , ϵ 1 , ϵ 2 ∈ R + denotes constants, provided the control gains α, β, and K introduced in (6) and (17) are selected according to the sufficient conditions
where the known positive constants β, δ, χ 1 , J 2 , K, ω are defined in (6) , (11) , (12) , (13) , (17) and (24), τ is the input delay and γ ∈ R + is a subsequently defined constant.
A positive definite Lyapunov functional candidate
and satisfies the following inequalities
where λ 1 , λ 2 ∈ R + are known constants. Taking the time derivative of (29), using the Leibniz integral rule to differentiate P and Q, substituting (6) and (19) , and canceling out like terms results iṅ
After using (4), (12), (13), (15), (20), (21) and (23), (31) can be upper bounded aṡ
Applying Young's Inequality the following terms in (32) can be bounded as
where γ ∈ R + is a known constant that is selected as
Further, by using the Cauchy Schwarz inequality, the following term in (33) can be bounded as
After adding and subtracting
2 dθ to (32) and utilizing (17), (18) and (36), (32) can be expressed as
By using (18) and completing the squares, the inequality in (37) can be further upper bounded aṡ
where Λ min
] .
and after utilizing (24) , (25) , and (28) the inequality in (38) can be rewritten aṡ
Using the definition of z(t) in (22) and y(t) in (28), the expression in (39) can be upper bounded aṡ
By further utilizing (30), the inequality in (40) can be expressed as 
Consider a set S defined as
The linear differential equation in (41) can be solved as
provided the control gains α and K are selected according to the sufficient conditions in (27). The result in (26) can now be obtained from (42). Based on the definition of y (t), the result in (42) indicates that
, (6) , and (17) indicates that
V. Simulation
A general single joint one-degree of freedom musculoskeletal system in the horizontal plane, (i.e., exclude gravity), was considered. The delay values were chosen as 80ms for both muscles. The results can be seen in Fig.  1 .
The root mean squared error (RSME) was calculated to be 3.37
• . From the simulations, we can see that despite the effects of the EMD, the controller is capable of driving the system in both directions and maintain tracking. Also, from the normalized stimulation plot, it can be observed that when switching occurs (transition between flexion and extension), there is a slight overlap causing co-contractions of antagonistic muscles. It can also be seen that the extension stimulation magnitude is higher than the flexion, this is due to the different parameters used for two muscles.
VI. Conclusion
In this paper, a novel NMES switching controller with a predictive term that could compensate for EMDs is designed for antagonistic muscles. Lyapunov-based stability analysis proved semi-globally uniformly ultimately bounded tracking for the musculoskeletal system. The controller provided an arbitrary short transition period when two antagonistic muscles are simultaneously activated to ensure that there will be no discontinuities in muscle response so that the limb could flex and extend smoothly. The simulation result indicates that the controller is robust and could switch between opposing muscles without affecting the tracking performance. Future studies will focus on experimentally validating the newly developed controller.
